Kidneys of six wild-trapped, adult Norway rats with high agglutinating titers to Leptospira icterohaemmorhagiae were examined ultrastructurally. Although many leptospires were seen in the lumen of proximal kidney tubules, few changes in epithelial cells of this region were found. The predominant lesion in chronic rat leptospirosis was diffuse interstitial nephritis. Principal kidney lesions were proximal tubule cell basement membrane thickening with or without the presence of granular particles, and an interstitial response that varied from mixed hypercellular to chiefly plasmacytic. The association of Ieptospires with membranebound protein droplets of the proximal kidney tubules may be important in the maintenance of the chronic carrier state in rat leptospirosis.
Epidemiological investigations conducted in urban and rural environments have shown a high incidence of leptospiral infection due to Leptospira interrogans, serovar icterohaemorrhagiae, among adult Norway rats (Rattus norvegicus). In a recent study in Detroit [20] , over 90% of adult rats had infections of pathogenic L. icterohaemorrhagiae. The Norway rat, it appears, serves as a chronic carrier of leptospirosis [16] , often harboring heavy infections in its kidney tubules without clinical manifestations of illness.
Ultrastructural studies ofleptospirosis have been made in various animals [3, [12] [13] [14] [15] , including man [6, 7, 18] , with emphasis on renal lesions. Only one such study has been made on renal tissues from an infected rat [8] ; in this instance the cause of the disease was unknown and the infection was in a laboratory-reared Sprague-Dawley male rat. It is important to define the relationship between the leptospires and their host habitat to understand how the chronic carrier state is established and how this relates to disease transmission, especially with respect to continuation of the life cycle in the rat population or transmission to man in urban or other settings. We related ultrastructural studies of renal tissues of wild rats incriminated as chronic carriers of leptospirosis with concomitant histologic and serologic data. 
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Materials and Methods
Wild Norway rats were trapped weekly in Tomahawk® live traps and delivered to the laboratory by personnel of the City of Detroit Rodent Control Program from Detroit's east side. The rats were killed in a carbon dioxide chamber and necropsied; tissues and sera were collected for leptospiral diagnosis. From adult rats with high antibody titers to Ieptospirosis, six were selected for ultrastructural study. Controls were tissues and sera from a thirdgeneration laboratory-raised wild Norway rat.
At necropsy, serum, urine, and kidney samples were taken for serology, culture isolation and direct dark-field microscopy as described [20) . Serum titers were determined by the microscopic agglutination test [4) . Two-mercaptoethanol treatment of serum samples was done as described [5] . Histologic diagnosis was done on kidney sections stained by Steiner's silver method [ 19] and prepared by standard histological techniques. Positive and negative controls were included in each run.
Portions of the right kidney were removed from rats selected for study, diced into 2-mm cubes and fixed in 1.25% phosphate buffered glutaraldehyde (300 mOsm). After postfixing in 1 % osmium tetroxide, tissues were dehydrated and embedded in epon by standard techniques. Thin sections were cut, stained with uranyl acetate and lead citrate, and examined in an electron microscope operating at 80 kV.
Results
Six wild-trapped, adult Norway rats selected for this study had agglutinating titers of 1,280 or more to L. icterohaemorrhagiae. The sera of two rats, R-577 and R-581, showed significant declines in aggluti_nating titers after treatment with two-mercaptoethanol. Culture isolation of leptospires from kidney tissue was positive for all six rats, and five of six gave positive cultures from urine. Four of six were shedding live leptospires in their urine at the time of necropsy and five showed leptospires in silverstained kidney sections. Results are summarized in table I.
The presence of leptospires in the lumen of proximal convoluted tubules was the most prominent histologic feature of silver-stained kidney sections ( fig. 1 ). Leptospires were not seen between cells, nor in the interstitium or with associated capillaries. The proximal tubules of the two rats whose sera showed the greatest sensitivity to twomercaptoethanol had the heaviest infection with leptospiral organisms. A greater proportion of tubules from these rats were infected than from the remaining rats whose sera were not sensitive to two-mercaptoethanol.
The ultrastructural morphology of normal kidney cortical tissue from an uninfected adult control rat is presented in fig. 2 . Subsequent illustrations show the same or adjacent areas of the kidney from infected rats.
As in silver-stained sections, the most prominent ultrastructural feature associated with leptospiral infection was the presence of leptospires in the lumen of proximal kidney tubules ( fig. 3 ). Infection in distal convoluted tubules was not seen ultrastructurally. Leptospires were seen most frequently in intimate association with the epithelial microvillar surface, which, even in the tubules of heavily infected rats, remained intact and showed no significant alterations. Rarely, a leptospira was found in the cytoplasm of the tubular epithelial cell immediately beneath the brush border ( fig. 3 ). Generally, however, leptospires were not found within cells or between adjacent cells. Large, membrane-bound protein droplets were common in the lumen of proximal kidney tubules from both uninfected and infected rats. Leptospires were usually at the margin of these droplets and occasionally embedded in their matrix ( fig. 3, 4) . No alterations were found in the quantity or disposition of these droplets in infected rats.
In contrast to the normal proximal tubular epithelial cells, the basement membrane of these cells and the apposing interstitium often showed moderate to pronounced changes, the latter in those rats whose sera showed greatest sensitivity to twomercaptoethanol. The basement membrane of proximal tubule epithelial cells from rats 577 and 581 was thickened and reticulated, with many foci of granular particles ( fig. 5, 6 ). The cortical interstitium of these rats was diffusely edematous, widened and often infiltrated with foci of plasma cells, lymphocytes, histiocytes, and phagocytes, with plasma cells predominating. Collagen and cell detritus were scattered throughout the interstitium ( fig. 5, 6 ). Glomerular changes in these rats were minimal and consisted of a slight basement membrane thickening and slight increase in the mesangium.
In the remaining rats, whose sera showed high agglutinating titers to L. icterohaemorrhagiae but were not sensitive to two-mercaptoethanol, ultrastructural alterations were confined primarily to the interstitium and consisted of cell infiltrates comprised mainly of plasma cells and an increased ground substance packed with collagen ( fig.  7) . The tubular epithelial cells of these rats looked normal, and their basement membrane looked either normal or only slightly thickened, with occasional foci of granules.
Discussion
Most animals, including man, show acute illness when infected with pathogenic leptospires. Although several organs may be affected, the most commonly injured is the kidney. Renal lesions characteristically include interstitial nephritis and tubular necrosis, and to a lesser degree certain glomerular alterations [3, 6, 7, 12, 15, 18, 22] . These changes may be reversible [15, 17, 18] , however, leading to the chronic carrier state of the disease, in which leptospires localize and remain viable in renal tubules despite attempts by the host to eliminate them by humoral or other mechanisms.
Although no definite time sequence or pathway of infection could be established in this study, the nature of the renal lesions, the presence of high antibody titers to leptospires and the presence of organisms only in renal proximal tubules probably indicates that these rats were harboring chronic infections of L. icterohaemorrhagiae. Although the rats used in this study were collected principally during the month of October of successive years, it has been demonstrated [20] that a majority of rats collected throughout all months of the reported period had similar serologic and histologic histories.
The predominant lesion in chronic rat leptospirosis was diffuse interstitial nephritis. Lack of evidence suggesting acute interstitial nephritis or tubular necrosis, as seen in other animals [3, 12, 15] , does not rule out the possibility that such changes might have occurred during an early phase of the disease in these rats, as these alterations are known to be reversible [15, 17, 18] .
Rats 577 and 581 had changes indicating that their infection with L. icterohaemorrhagiae had been acquired more recently than the others. Changes in these rats that set them apart from the others included: a higher level of infection with greater tubular involvement; a greater sensitivity of their sera to two-mercaptoethanol, indicating a higher IgM response, usually seen early in a primary or subsequent infection [13] ; a greatly thickened tubular basement membrane with many foci of granules, possible indicating immune complex disposition [2, 10] ; and a mixed cell infiltrate reaction in the interstitium, usually indicating a more acute disease [23] . From these observations alone, however, it is impossible to deduce whether these were recently acquired initial infections or recently acquired renewed infections. The extremely high incidence ofleptospiral infection among adult wild rats in the Detroit area throughout the year favors the latter supposition.
The most significant feature of the infection was the persistence of leptospires in the lumen of proximal tubules despite the presence of a predominantly plasmocytic response in the renal interstitium and high concentrations of serum antibodies to the leptospires. Humoral mechanisms, therefore, do not seem to be totally effective in eliminating leptospires from this site in wild rats, as they are not in swine [3] , although these mechanisms may reduce the numbers of leptospires [I], thereby helping to establish the chronic carrier state. Our findings also support the belief of others [3, 12, 15 ] that leptospires do not reside in the renal tubular epithelium.
The maintenance of the chronic carrier state undoubtedly depends on a balance of appropriate environmental and nutritional factors in the proximal kidney tubules of these rats. It has been suggested [15] that some specific substance may be present on the surface of microvilli of cells at this site, or that benefit may be derived directly from the cells themselves. In rats, a combination of factors probably is responsible for maintenance of the leptospires: the proximal tubules are the site of absorption of glucose [21] , thus providing a readily available carbon source for growth; and albumin, a normal constituent of the protein droplets commonly found in rats [l l], and seen in both infected and uninfected rats in our study, may function as a substrate on which the leptospires grow and replicate. It has, in fact, been shown [9] that leptospires will grow and replicate at a substantial rate with only albumin and a few essential vitamins as growth factors. Presumably, the albumin was providing sufficient amounts of carbon, nitrogen and sulfur for growth while also buffering any toxins liberated by the leptospires. If these factors are the major contributing ones in vivo, a low level of growth and replication based on utilization of these substrates as demonstrated in vitro [9] may be sufficient to maintain the chronic carrier state in rat leptospirosis.
